Introduction
Individuals vary in their susceptibility to drugs and environmental toxicants. Efforts to understand the genetic basis for such differences have involved the characterization of polymorphisms in xenobiotic-metabolizing enzymes [1, 2] and the pharmacological receptors that regulate them [3, 4] in humans and experimental animals. Molecular epidemiology studies in humans have sought associations between singlenucleotide polymorphisms (SNPs) or specific alleles and altered sensitivity to therapeutic or toxic effects [5, 6] . However, such studies are extraordinarily difficult, in part because of the complex relationship between genotype and chemical susceptibility [7] , as well as the low frequencies of some relevant polymorphisms [4] .
Recent studies have revealed that fish populations exposed to high concentrations of certain halogenated aromatic hydrocarbons (HAHs) or polynuclear aromatic hydrocarbons (PAHs) can develop heritable resistance to those chemicals [8, 9] . The existence of such populations provides an opportunity to investigate the genetic basis for differential chemical susceptibility in animals experiencing strong selective pressures that may have altered allele frequencies in favour of those that confer reduced sensitivity. Thus, a comparison of sensitive and resistant populations of the same species may reveal specific SNPs or alleles that are associated with sensitive or resistant phenotypes.
protein (ARNT) to form a complex that regulates the expression of target genes by interacting with AHR response elements (AHREs; also known as xenobiotic response elements or dioxin response elements) [12] . Mice homozygous for a null allele at the Ahr locus are resistant to the effects of TCDD [13, 14] and to the carcinogenicity of the PAH benzo[a]pyrene [15] . AHR polymorphisms have been described in rodents and humans [4] . In mice, several SNPs have been identified, and at least one of them has been shown to be responsible for differential sensitivity to TCDD [16] [17] [18] . AHR polymorphisms have also been identified in rats [19, 20] , and one of these has been tentatively linked to a dramatic difference among rat strains in sensitivity to TCDD [20, 21] . Several studies have investigated the possible relationship between polymorphisms in the human AHR and susceptibility to lung cancer or expression of cytochrome P450 1A (CYP1A1) in lung or peripheral blood lymphocytes. The AHR gene is highly conserved in humans; only four non-synonymous SNPs have been identified [4] . All of these (P517S, R554K, V570I and M786V) are located in the C-terminal transactivation domain (exon 10) [22] [23] [24] [25] [26] [27] [28] [29] [30] . The role of these polymorphisms in differential chemical sensitivity is not clear. The majority of studies have found no correlation between a specific AHR allele and either CYP1A1 expression/inducibility, lung cancer incidence or chloracne [22, 24, 26, 27] . In one study [25] , the codon 554 SNP (Lys 554 ) was associated with greater inducibility of CYP1A1. However, the AHR protein variants containing Arg 554 and Lys 554 , when studied in vitro, did not differ in their ability to bind TCDD, bind DNA, or stimulate CYP1A1 transcription when transfected into AHR-deficient mouse hepatoma cells [28, 29] . Interestingly, however, a very recent study showed that human AHR variants containing combinations of SNPs [(Lys 554 þ Ile 570 ) or (Ser 517 þ Lys 554 þ Ile 570 )] exhibited a dramatically reduced ability to support CYP1A1 transcription [29] .
In contrast to the single AHR gene in mammals, at least two distinct AHR genes (AHR1 and AHR2) occur in fish [31] [32] [33] [34] . AHR1 is the ortholog of the mammalian AHR, whereas AHR2 appears to be fish-specific and has not yet been found in mammals [32, 35] . Only one previous study has investigated the presence of AHR polymorphisms in fish. Roy and Wirgin [36] used restriction fragment length polymorphism (RFLP) analysis to show that Atlantic tomcod (Microgadus tomcod) were highly polymorphic at the AHR2 locus, with substantial variation both within and among populations. The functional characteristics of these variants and their role in population-specific differences in responsiveness were not assessed.
In this study, we examined the occurrence of AHR1 polymorphisms in a dioxin-and polychlorinated biphenyl (PCB)-resistant population of the Atlantic killifish, Fundulus heteroclitus. This population inhabits a US Superfund site, the Acushnet River Estuary within New Bedford Harbor (NBH), (Massachusetts, USA), which is highly contaminated with PCBs [37] . Previous studies have shown that NBH killifish exhibit a heritable, 14-to 86-fold reduction in sensitivity to induction of CYP1A1 and early life stage mortality after exposure to AHR agonists such as non-ortho-substituted PCBs, TCDD, 2,3,7,8-tetrachlorodibenzofuran (TCDF), benzo-[a]pyrene, or 3-methylcholanthrene [38] [39] [40] . To determine the possible role of variability at the AHR1 locus in the NBH dioxin-resistant phenotype, we investigated the occurrence of AHR1 polymorphisms in NBH fish and in fish from a much less contaminated site at Scorton Creek (SC) (Massachusetts, USA) [40] . In addition, we characterized the functional properties of AHR proteins encoded by representatives of the two most divergent allelic groups. For the initial studies that identified polymorphisms in AHR1 cDNAs, first-strand cDNA was synthesized from 2 ìg of polyA þ RNA from ovary or brain with AMV-RT using an oligo-dT primer, following Clontech's Marathon rapid amplification of cDNA ends (RACE) kit instructions. For AHR1 (nt 101-2832) fragments, 1 ìl of undiluted cDNA was used in a PCR reaction with the 1-27F/1-pETRev primer pair using Advantage polymerase mix (Clontech). PCR conditions were: 948C for 1 min, followed by 35 cycles of 948C for 5 s and 658C for 2 min. Secondary structure at the 59-end prevented amplification of nt 1-100 in these reactions. Thus, for sequencing of the 59-end of AHR1 cDNAs from SC fish, 59-RACE products were generated using Thermoscript RT (Life Technologies) and several clones were sequenced, as described earlier [32] . For sequencing of the 59-end of AHR1 cDNAs from NBH fish, ovarian polyA þ RNA was reverse transcribed with Thermoscript RT using a gene specific primer (1-317R). A 900-bp fragment was amplified with primers 1-5UTR and 1-256R; this fragment was cloned, and multiple clones were sequenced.
All RT-PCR products were cloned into the pGEM-T Easy vector (Promega, Madison, Wisconsin, USA) and sequenced on an ABI 373A Stretch DNA Sequencer (University of Maine DNA Sequencing Facility, Orono, Maine, USA). To differentiate PCR errors from SNPs, products from independent PCR reactions were cloned and sequenced. Identical sequence variability seen in at least two independent PCR reactions was assumed to arise from polymorphic sites, whereas isolated base changes were considered (conservatively) to be the result of PCR errors. DNA sequences (corrected for PCR errors) were assembled and translated using MacVector/AssemblyLign sequence analysis software (Oxford Molecular Group, Madison, Wisconsin, USA). Multiple sequence alignments were performed using ClustalX [43] . The aligned nucleotide sequences of seven killifish AHR1 alleles were used to construct phylogenetic trees using Maximum Parsimony and distance criteria in PAUP*4.0b8 [44] .
PCR amplification and sequence analysis of genomic DNA For analysis of alleles in individual fish (2003 collection), 100 ng of genomic DNA was used for PCR amplification of exon 10 using primers 1-383F and 1-894R. PCR products were purified using MinElute columns (Qiagen, Valencia, California, USA) before direct sequencing with primers Seq1R, Seq2F and Seq3F. Purified PCR products from genomic DNA were sequenced directly on an ABI 3730 (Bay Paul Center at the Marine Biological Laboratory, Woods Hole, Massachusetts, USA).
Screening by restriction fragment length polymorphism
Thirty-six clones derived from the 1-27F/1-pETRev RT-PCR product at each site were digested with SacI and subjected to agarose electrophoresis and ethidium bromide staining to assess the presence (AHR1*1) or absence (AHR1*2 and AHR1*3) of this restriction site at nucleotide 2649. Sequences amplified from samples of genomic DNA from individual fish were analysed directly for the base (G or A) at this site. The statistical significance of site-specific differences in allele frequencies was assessed by chi-square analysis.
Expression constructs
AHR1 fragments corresponding to AHR1*1A and AHR1*3A clones derived from the 1-27F/1-pETRev PCR product were ligated with a 59-RACE product containing the first one hundred nucleotides of the AHR1 coding sequence (see results) and these fulllength AHR1*1A and AHR1*3A cDNAs were inserted into the KpnI and XbaI sites in the pcDNA 3.1/Zeo (þ) vector (Invitrogen, Inc., Carlsbad, California, USA) to make pcDNA-FhAHR1*1A and pcDNA-FhAHR1*3A. In some cases, to avoid PCR errors, constructs were assembled using restriction fragments from multiple clones. All constructs were verified by sequencing. The killifish ARNT2 expression vector (pcDNAFhARNT2) was as described previously [35, 45] . Mouse AHR (pSportMAHR) [46] , and human ARNT (pSport ARNT) [47] expression vectors were generously provided by Dr C. Bradfield (University of Wisconsin, Madison, Wisconsin, USA). The plasmid pGudLuc 6.1, which is derived from pGudLuc1.1 [48] 35 S]methionine-labelled TnT reactions were subjected to sodium dodecyl sulphatepolyacrylamide gel electrophoresis, followed by fluorography. The amount of radioactivity in excised bands was determined by liquid scintillation counting. AHR ligand-binding was determined using unlabelled proteins by velocity sedimentation on sucrose gradients in a vertical tube rotor by a modification of the method of Tsui and Okey [50] , as described earlier [32, 35] . The TnT reactions were incubated overnight at 48C with [ 3 H]TCDD (various concentrations). Nonspecific binding was determined by reactions containing an empty vector (unprogrammed lysate) [32, 35, 51] . Binding data were analysed using Prism version 3 software for the Macintosh (GraphPad, San Diego, California, USA).
Cell culture, transfection, and luciferase assays COS-7 monkey kidney cells were purchased from ATCC (Manassas, Virginia, USA) and maintained in DMEM (Sigma) supplemented with fetal calf serum (10% final concentration) (Sigma) at 378C under 5% CO 2 . Cells were plated at 3 3 10 4 cells/well in 48-well plates. Transfections were carried out 24 h after plating in triplicate wells. DNA and Lipofectamine 2000 reagent (Life Technologies) were each diluted in serum-free DMEM. For each well, a total of approximately 300 ng of DNA was complexed with 1 ìl of Lipofectamine 2000. The mixture was then added to cells in DMEM with serum. Renilla luciferase (pRL-TK, Promega) was used as the transfection control. Transfected DNA amounts were 5 ng of AHR1 (either allele), 50 ng of mAHR, 50 ng of ARNT2, 20 ng of pGudLuc 6.1, and 3 ng of pRL-TK, unless otherwise indicated. The total amount of transfected DNA was kept constant by addition of pcDNA vector with no insert. Cells were treated 5 h after transfection with either dimethylsulphoxide (DMSO) or TCDD (10 nM) at 0.5% final DMSO concentration. Cells were lysed 18 h after dosing and luminescence was measured using the Dual Luciferase Assay kit (Promega) in a TD 20/20 Luminometer (Turner Designs, Sunnyvale, California, USA). The final luminescence values are expressed as a ratio of the firefly luciferase units to the Renilla luciferase units.
AHR antibodies and Western blotting
The C-terminal half of the killifish AHR1 cDNA was subcloned into pQE vector (Qiagen) in frame with six histidine residues at the N-terminus of the fragment. The fusion proteins were expressed in BL21-CodonPlus (RP) Escherichia coli (Stratagene, LaJolla, California, USA) and proteins were purified on Ni-NTA (Qiagen) resin. The resulting protein fragments were used to immunize New Zealand White rabbits by New England Peptide, Inc. (Gardner, Massachusetts, USA). Anti-sera were shown to be specific for AHR1. For Western blotting, lysates from COS-7 cells transfected with AHR1 expression vector or empty pcDNA3.1 vector were subjected to denaturing gel electrophoresis followed by transfer to nylon membrane. Blots were probed with anti-AHR1 antisera (1 : 500) followed by secondary antibody (goat anti-rabbit immunoglobulin G-horseradish peroxidase; Southern Biotechnology Associates, Inc., Birmingham, Alabama, USA). Detection was by enhanced chemiluminescence.
Results

AHR1 polymorphisms in F. heteroclitus
In the process of sequencing multiple RT-PCR and RACE products and genomic DNA clones to obtain the full-length cDNA sequence for killifish AHR1 [32] , we noted several nucleotide differences that could not be ascribed to PCR errors. To characterize these differences and assess their presence in distinct killifish populations, RNA was isolated from fish collected at SC and NBH and several cDNA clones containing most of the coding sequence of killifish AHR1 (nt 101-2832) were obtained by RT-PCR and sequenced. Analysis of seven of these clones (five from SC fish; two from NBH fish) revealed 25 polymorphic sites (SNPs) ( Table 1 ). These 25 SNPs were confirmed by sequencing of additional cloned fragments produced in independent PCR reactions or by comparison to genomic DNA clones. Of the 25 verified SNPs, 16 (64%) are silent (synonymous), whereas nine result in amino acid changes (coding SNPs (cSNPs); for nomenclature see [52] ). One of the synonymous changes results in loss of a restriction site (SacI) (see below). Subsequent to the analysis of clones containing nt 101-2832, the first 100 nt of AHR1 coding sequence was analysed in both populations by RT-PCR amplification and sequencing of multiple clones; no SNPs were identified in this region.
In addition to the 25 SNPs described above, an additional 46 nucleotide differences were identified as possible PCR errors (out of 41 550 total base pairs sequenced) for an error frequency of 1.1 3 10 -3 . This is almost certainly an overestimate, because some of these could represent rare SNPs. Nevertheless, this error rate is much greater than those typical of polymerase mixtures with proofreading activity, such as the one employed in this study (10 -6 to 10 -5 ) [53, 54] , and more similar to the error rate described by Hankinson and colleagues (2.5 3 10 -4 ) [26] .
Phylogenetic analysis of the seven SNP-containing
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sequences showed that they cluster in three groups: clones SC21, SC15 and SC10; clone SC9; and clones SC30, NBH1 and NBH2 (Fig. 1) . The three sets of alleles have been designated AHR1*1, AHR1*2 and AHR1*3, respectively, using recommended nomenclature [52] . AHR1*1A is most similar to the sequence of the killifish AHR1 we reported originally [32] . [In the process of investigating the alleles reported here, we found that the killifish AHR1 sequence reported earlier [32] , which was obtained from multiple PCR products and a genomic fragment, includes sequences from multiple AHR1 alleles, as well as a small number of PCR and sequencing errors. The AHR1 full-length sequence deposited originally (Genbank accession number AF024591.2) has been replaced by the sequence of AHR1*1A (see AF024591.3).] Figure 2 illustrates the position of the nine AHR1 nonsynonymous SNPs (cSNPs) in relation to the functional domains of the AHR [11] and the location of cSNPs identified in human and rodent AHR cDNAs [4, 18] . Six of the killifish cSNPs are located in the C-terminal half of the AHR protein, which contains the transactivation domain. Most of the cSNPs identified in strains of Mus musculus [18] and in humans [4] also occur in this region. However, none of the killifish cSNPs occurs at a codon homologous to codons containing mouse or human cSNPs. In contrast to the rat and human AHRs, cSNPs occur also in the N-terminal basic-helix-loopCopyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited. Table 1 Single nucleotide polymorphisms in the killifish AHR1 cDNA SNP no. Phylogenetic relationships among killifish AHR1 alleles. The AHR1 allele nucleotide sequences shown in Table 1 were analysed by PAUP*4.0b8 using maximum parsimony (left) or distance (right) criteria. Original clone names (SC, Scorton Creek fish; NBH, New Bedford Harbor fish) and allele designations (AHR1*1A, etc.) are shown here and in Table 1 . The phylogram on the left is one of the two most parsimonious trees, which differed only in the arrangement of SC30, NBH1 and NBH2 clones.
helix (bHLH) and Per-ARNT-Sim homology (PAS) domains of killifish AHR1. However, all three of the changes in this region occur at residues that are not highly conserved among fish and mammalian AHRs. No cSNPs were identified in the putative ligandbinding domain of killifish AHR1.
Prevalence of AHR1 alleles in killifish populations
To determine whether AHR1 alleles are equally represented in SC (dioxin-sensitive) and NBH (dioxinresistant) killifish populations, we performed a cDNA screening of these populations using the SacI RFLP. AHR1 nearly full-length fragments (nt 101-2832) were amplified by RT-PCR using RNA from SC fish (24 pooled brains) and NBH fish (16 pooled ovaries) and cloned into pGEM-T. Screening of 36 clones from each of these cDNA pools revealed that the AHR1*1 alleles (SacI þ ) were under-represented in RNA isolated from NBH fish compared to their prevalence in RNA from SC fish ( Table 2) . One possible interpretation of these results is that there is selection against fish bearing these alleles in the New Bedford population.
Because genomic DNA was not available from the animals from which the pooled cDNAs were obtained, we were unable to confirm the allele frequencies on individual animals from this collection. Therefore, we performed another collection of animals from these two sites in the spring of 2003 and measured SNP frequencies using genomic DNA from individual fish (26 fish per site). We focused on exon 10, which contains the majority of SNPs identified in the cDNAs. Analysis of these genomic DNAs confirmed the existence of each of the exon 10 SNPs identified in the cDNAs (numbered 10-25 in Table 1 ) and revealed several new SNPs (to be described in detail in a subsequent manuscript). The distribution of genotypes within each site conformed to expectations from Hardy-Weinberg equilibrium. Importantly, the difference in allele frequency suggested by the RFLP results obtained by analysis of clones from pooled cDNA ( Table 2 ) was confirmed using genomic DNA from individual fish (Table 3) . Thus, the SacI RFLP (Table 3) , as well as 11 other exon 10 SNPs (not shown), all exhibited a statistically significant difference in frequency between the two sites.
Functional analysis of AHR1 variants
In light of the difference in allele frequencies among dioxin-sensitive and dioxin-resistant populations of killifish, we sought to compare the functional properties of the AHR proteins encoded by representatives of the most divergent groups of AHR1 alleles. To that end, AHR1*1A and AHR1*3A, which differ at eight of the nine cSNPs (Table 1 and Non-synonymous polymorphisms in the Fundulus heteroclitus AHR1 gene. The locations of the nine AHR1 non-synonymous single nucleotide polymorphisms (cSNPs) are shown in relation to the structural and functional domains of the AHR [55] and the approximate locations of cSNPs in the human, mouse, and rat AHR genes. For codon numbers, see Table 1 . LBD, Ligand binding domain; TAD, transactivation domain. Pooled samples of RNA were isolated from SC fish (24 individuals) or NBH fish (16 individuals). AHR1 sequences were amplified by reverse transcription polymerase chain reaction (RT-PCR) and cloned into pGEM-T. Thirty-six individual colonies per site were picked and analysed by restriction digestion (SacI) to identify as AHR1*1 (site present) or AHR1*2/AHR1*3 (site absent). This analysis detects the presence of a G (SacIþ) or A (SacI-) at nucleotide 2649 ( Table 1) . The difference in allele frequencies was statistically significant (P , 0.001) as determined by chi-square analysis.
translation. Both AHR1 variants were expressed at similar levels in this system, as indicated by [ 35 S]methionine-labelling of the in-vitro synthesized proteins (Fig. 3) . In-vitro expressed AHR1*1A and AHR1*3A proteins both exhibited specific binding to [ 3 H]TCDD; the level of specific binding to the two variants was indistinguishable at a radioligand concentration of 2 nM (Fig. 3) (Fig. 4c ) strongly suggests that the two AHR1 variants do not differ substantially in their ligand-binding properties. We estimate that differences in the affinity or binding capacity of these AHR1 variants, if they exist, are less than two-fold, which is much less than the 14-to 86-fold difference in sensitivity that has been documented in fish from NBH and reference sites [38, 40] . The similar in-vitro ligandbinding properties of these AHR1 variants are consistent with the fact that none of the cSNPs occurs in the ligand-binding domain of AHR1.
To determine if AHR1*1A and AHR1*3A proteins differ in their ability to dimerize with ARNT, bind to AHRE sequences and activate transcription, we measured the capacity of these proteins to mediate transcriptional activation of a luciferase reporter gene under control of AHRE sequences (pGudLuc6.1) in a transient transfection assay employing COS-7 cells. The two AHR variants were expressed at similar levels in the transfected cells, as assessed by Western blotting of cell lysates using AHR1-specific antiserum (Fig. 5a) . When transfected into COS-7 cells together with killifish ARNT2, both AHR1 forms exhibited some transactivation activity that was independent of exogenous ligand, as often observed for AHRs in transient transfection [35, 51, [56] [57] [58] (Fig. 5b) . Treatment of transfected cells with TCDD produced a concentration-dependent increase in transactivation of reporter gene expression, and the two AHR1 variants displayed similar abilities to support this activity.
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Discussion
The mechanisms responsible for individual differences in sensitivity to toxic or therapeutic effects of drugs and environmental chemicals are incompletely understood. Some of these differences may reflect genetic variation in ligand-activated transcription factors, such as the AHR, that regulate the expression of xenobioticmetabolizing enzymes and other genes in response to chemical exposure. The role of the AHR in determining the sensitivity to HAHs, PAHs, and other AHR ligands has been studied extensively in mammals [4, 9, 10, 59] . Mice bearing a targeted disruption in the Ahr gene are resistant to TCDD toxicity [13, 14] and to the carcinogenicity of benzo[a]pyrene [15] . In addition, polymorphisms in the murine Ahr gene have been demonstrated to influence the sensitivity to AHR ligands [16] , and AHR polymorphisms in rats [20, 60] and humans [25, 29] have been associated with altered sensitivity to effects of TCDD or PAHs [4] . However, a general role of AHR variability in determining differences in HAH and PAH sensitivity among individuals or populations has not yet been established.
Fundulus heteroclitus as a model
In this study, we explored the degree of genetic diversity at the AHR1 locus in F. heteroclitus and the possible relationship between specific AHR1 alleles and differences in sensitivity to aromatic hydrocarbons among populations. The Atlantic killifish F. heteroclitus is a valuable model in environmental biology and evolutionary genetics [61, 62] . Killifish are year-round residents with limited home ranges [63, 64] , so individuals are strongly influenced by local environmental conditions. Killifish tend to exhibit a high degree of genetic variability [65] [66] [67] . Although there is evidence for substantial gene flow among adjacent populations [68] , some killifish populations have been demonstrated to exhibit local or regional adaptations to environmental conditions [61, 62, 66, 69] .
Several recent studies have shown that killifish populations at a variety of sites with moderate-to-high levels of PAH or HAH contamination have developed resistance to AHR agonists [70] [71] [72] [73] [74] . Similarly, we [40, 42, 75] and others [38, 39, 69] have characterized a HAH-and PAHresistant population of killifish inhabiting the NBH Superfund site. These studies have shown that NBH fish (embryos and adults) are less sensitive than reference fish to CYP1A1 induction by halogenated and nonhalogenated AHR agonists, in the liver as well as in extrahepatic tissues. NBH killifish embryos are also resistant to HAH and PAH toxicity [38] . Hepatocytes from NBH fish are less sensitive to CYP1A1 induction than cells from SC fish, but they are capable of a full CYP1A1 induction response in the presence of higher concentrations of inducer, demonstrating that an AHR signaling pathway remains functional in NBH fish [40] . The resistance of NBH fish to CYP1A1 induction occurs at a pre-translational level and is heritable, consistent with a genetic difference between populations [38, 40, 75] . Together, these results are reminiscent of the Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited. (Fig. 3 ) from total binding (TB). Equilibrium dissociation constants (K D ) were calculated by non-linear regression (see Table 4 for values). Results shown are from one of two independent experiments that produced similar results (Table 4) . In a separate set of reactions, incorporation of [
35 S]methionine into the synthesized protein was measured for each construct. The amounts of AHR1*1A and AHR1*3A proteins were similar (Fig. 3) . (c) Direct comparison of specific binding curves for each variant, including data from both experiments. Curves were fitted by linear regression analysis as described in Materials and methods. For AHR1*3A, two curves were fitted: one using all points and another after omitting an apparent outlier from experiment 1. For further details, see Table 4 . mouse strain differences in sensitivity to AHR agonists that result from allelic differences at the murine Ahr locus [16, 17, 76] , suggesting a possible role for one of the killifish AHRs in the mechanism of resistance.
Role of AHR polymorphisms in dioxin resistance
The existence of these fish populations with evolved resistance to HAHs and PAHs provided an opportunity to investigate AHR variability in animals experiencing substantial selective pressures related to the presence of high levels of aromatic hydrocarbon contaminants. Such populations might be expected to exhibit skewed allele frequencies in favour of those alleles conferring reduced sensitivity to these contaminants. The identification of multiple alleles at the killifish AHR1 locus revealed a possible mechanism for differences in aromatic hydrocarbon sensitivity among individual fish. The difference in the frequencies of AHR1*1 alleles in the two fish populations is consistent with the possibility of differential survival of fish at the two sites, related to the presence of certain genotypes at this locus. However, our initial functional analysis of AHR1*1A and AHR1*3A proteins (the most divergent of the alleles we found) failed to reveal any substantial differences in their ability to bind [ 3 H]TCDD in vitro. In addition, these two variants exhibited similar abilities to activate transcription from a reporter construct in transient transfection assays, indicating that they both form functional complexes with ARNT and interact similarly with AHR-responsive enhancer sequences.
There are several possible explanations for these findings. First, AHR1 polymorphisms might have no role in the resistant phenotype. The difference in allele frequency among populations could reflect site-specific environmental differences other than those involving HAHs. Second, the AHR1 gene could be linked to another polymorphic gene that plays a role in the resistant phenotype, with certain AHR1 alleles in linkage disequilibrium with resistance alleles at that locus. AHR2 is a possible candidate for this second locus (see below). Third, AHR1*1A and AHR1*3A
Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited. (Fig. 3) ) from total binding (TB). Equilibrium dissociation constant (K D ) and binding capacity (B max ) values were determined, for each experiment and for the combination of both experiments for each variant, by non-linear regression using Prism software and the equation AHR1*1A-and AHR1*3A-dependent transactivation in mammalian cells. COS-7 cells were transfected with pGudLuc6.1, killifish ARNT2 expression construct, and pRL-TK along with expression constructs for mouse AHR, killifish AHR1*1A, killifish AHR1*3A, or no AHR (empty pcDNA vector) as indicated in the figure and described in Materials and methods. (a) Expression of transfected AHR1*1A and AHR1*3A in transfected cells. Cell lysates were analysed by Western blotting with AHR1-specific antiserum as described in Materials and methods. (b) Transactivation mediated by AHR1 variants. Cells transfected as described above were exposed to dimethylsulphoxide or TCDD (1, 3, or 10 nM final concentration) and luciferase activities were measured after 18 h. Relative luciferase units were calculated by normalizing firefly luciferase activity to the transfection control Renilla luciferase. Each data point represents the mean of triplicate wells and error bars represent SD.
variants could differ in ways that were not assessed in our assays. For example, these proteins could differ in their ability to activate transcription from AHRE sequences within a chromosomal context, rather than from an extrachromosomal plasmid, as shown for oestrogen receptors [77] . Alternatively, AHR1*1A and AHR1*3A could exhibit promoter-or ligand-specific differences in function, or they could differ in their ability to interact with fish (but not mammalian) coactivator proteins. Fourth, there could be additional allelic diversity at the AHR1 locus that was not captured in our analysis, and some of these variants could confer a resistant phenotype. Finally, it is possible that the AHR1 alleles whose coding sequence is described here also harbor additional SNPs occurring in the promoter or intronic regulatory regions. Populationspecific differences in promoter sequence have been observed for other killifish genes [78, 79] . Such differences, if they occur in AHR1, could lead to differential AHR1 expression in SC and NBH fish, and the level of AHR expression is one of the factors known to influence the sensitivity of cells and tissues to effects of AHR ligands [80, 81] . We were unable to measure AHR1 expression in the animals used in this study. However, we previously measured differences in the tissue-specific pattern of AHR1 expression between SC and NBH fish [42] . Because these differences in expression were not heritable through the F 2 generation, their role in the resistant phenotype is not clear.
To distinguish among these and other possibilities, it will be necessary to conduct additional studies examining AHR1 variability in individual fish from SC and NBH, as well as from other contaminated and lesscontaminated sites. Such studies will need to include a more detailed population genetic analysis, to seek evidence for selection from ratios of synonymous and non-synonymous substitutions in various domains of the AHR1 gene [82, 83] . Interestingly, a recent study employing this approach has provided evidence for habitat-specific selection pressures on the MHC class IIB locus in killifish from NBH [69] .
Other possible mechanisms of dioxin resistance in NBH killifish
An investigation into the possible role of the AHR in dioxin resistance in killifish is complicated by the existence of at least two distinct AHR genes in many species of fish, including killifish [31, 32] . We have not yet determined whether the killifish AHR2 gene is polymorphic, but allelic variation at this locus would not be unexpected given the AHR2 polymorphisms found in tomcod [36] . Moreover, AHR2 is more widely expressed than AHR1 in fish [32, 33, 42, 84] and may be the predominant form involved in the response to TCDD [33, 85, 86] . Interestingly, we have recently found that AHR1 and AHR2 genes are arranged in tandem in the pufferfish (Fugu rubripes) genome [87] (Karchner and Hahn, unpublished). We have not yet determined whether killifish AHR1 and AHR2 genes also are closely linked. However, if AHR2 polymorphisms are involved in the dioxin resistance, linkage disequilibrium in relation to specific AHR1 alleles might explain the site-specific differences in AHR1 allele frequencies found here in the absence of functional differences between AHR1 variants. Thus, future studies will investigate whether allelic variability exists at the killifish AHR2 locus, as is seen for AHR1.
Additional mechanisms that could be responsible for the resistant phenotype of NBH killifish include genotypic variability at other loci influencing AHR function. One of these is AHR repressor (AHRR), which has been identified in mice [88, 89] , humans [90, 91] and killifish [35] . Polymorphisms exist in the human AHRR gene [91, 92] but the killifish AHRR gene has not yet been examined in this regard. In addition to the AHRR, variability in genes encoding other transcriptional repressors or coactivators could be involved in dioxin resistance.
AHR polymorphisms: comparison of fish and mammals
The highly polymorphic nature of the killifish AHR1 locus is in contrast to the low degree of variation observed in numerous studies of the AHR locus in humans [4] . This could reflect a generally higher degree of polymorphism in fish versus humans, as suggested by results from the pufferfish genome [87] . Alternatively, this difference could be related to the existence of an extra fish AHR gene (AHR2) [32] , which might be able to compensate for any loss of AHR1 function, as suggested by others [4] . However, the degree to which the two fish AHRs serve redundant functions is not yet clear. In addition, the single mouse Ahr gene is also highly polymorphic [18] . The majority of variability in the coding sequence of mammalian and piscine AHRs appears in the C-terminal half of the proteins encompassing the transactivation domains. This region is poorly conserved across species [32, 93] despite the general conservation of AHR function, suggesting that some variability in protein sequence is well tolerated here. In contrast, point mutations in other regions of the protein, such as the N-terminal bHLH and PAS domains, can have dramatic effects on AHR function [16, 94, 95] . Three of the variable residues in killifish AHR1 lie in the N-terminal half of the protein, but these occur at amino acid positions that are not highly conserved among species. Consistent with this, variability at these positions did not appear to affect AHR1 function.
In summary, we have shown that the AHR1 locus in F. heteroclitus is highly polymorphic and that allele frequencies differ between some dioxin-sensitive and dioxin-resistant populations. However, the currently identified alleles encode proteins that do not appear to differ functionally, as assessed in vitro and in cultured cells. Nevertheless, characterization of additional variability in this and other genes involved in AHR signaling in highly selected fish populations may contribute to an understanding of the role that such variability plays in differential sensitivity to environmental chemicals.
